Introduction
Inteins (internal proteins) facilitate a process called protein splicing where the intervening intein peptide auto-catalytically excises itself out and concomitantly ligates the flanking extein (external protein) ends together with a native peptide bond (Perler, 2005) . This process occurs spontaneously and requires no exogenous energy or co-factors (Paulus, 2000; Perler, 2005) . Although the majority of inteins occur as cis mode (i.e. the intein is found as a single precursor), a few rare inteins are naturally split and perform protein splicing as trans mode (Gogarten et al., 2002; Saleh and Perler, 2006) . Unlike cis mode inteins, trans-splicing split inteins (e.g. the DnaE intein from Nostoc punctiforme (NpuDnaE); Iwai et al., 2006; Zettler et al., 2009 ) are found as two separate precursor protein fragments that undergo protein splicing after the two halves bind and reassemble the intein.
By exploiting protein trans-splicing, target proteins can be split and reassembled for various applications in molecular and cellular biology. For example, this approach has been used to monitor protein -protein interactions in vivo by reforming reporter proteins (e.g. green fluorescent proteins or firefly luciferase (Ozawa et al., 2000 (Ozawa et al., , 2001 Paulmurugan et al., 2002) and to perform post-translational modifications of target proteins (Muir, 2003; Muralidharan and Muir, 2006; Flavell and Muir, 2009 ) (e.g. the activation of enzymes; Schwartz et al., 2007, or herbicide resistance; Chin et al., 2003) . Split inteins have also been used to facilitate the isotopic labeling of domains in large proteins for nuclear magnetic resonance analysis (Zuger and Iwai, 2005) . Furthermore, split inteins can potentially target proteins to specific cell types in transgenic organisms by using the intersecting gene expression of two orthogonal promoters. Recently, to advance this application, our group demonstrated NpuDnaE intein-mediated reassembly of split genetically encoded Ca 2þ indicators in transgenic Caenorhabditis elegans (Wong et al., 2012) . Interestingly, we further observed that each NpuDnaE intein half can accommodate large proteins on both ends without hindering protein trans-splicing.
While applications with split inteins are focused on single target proteins formed from protein trans-splicing of the exteins, we demonstrate here that a second target protein can be simultaneously formed from intein dimerization. The NpuDnaE intein halves associate strongly with a reported binding affinity of K d 2.9 nM (Shah et al., 2011) . This is similar to the affinity reported for the tertiary complex FKBP12-rapamycin-FRB (K d 3 nM; Chen et al., 1995) , which has been extensively used to drive protein association (Paulmurugan and Gambhir, 2005; Massoud et al., 2010) . Thus, we hypothesize that the binding affinity of the NpuDnaE intein halves can also be used to drive protein association. As an example, we reassembled a selection of split target proteins along with an additional second split target protein. First, a yellow fluorescent protein (YFP) mutant (Venus) (Nagai et al., 2002) was reassembled along with a monomeric red fluorescent protein mutant (mRFP; Campbell et al., 2002) . Mammalian cells co-expressing the two half proteins exhibited both yellow and red fluorescence with a consistent fluorescence stoichiometry between cells. Next, the dominant positive mutant of RhoA GTPase (Q63L; Mills et al., 2010) was reassembled along with Venus where co-transfected cells (i.e. HEK293 and HeLa cells) exhibited both dynamic blebbing from RhoA (Mills et al., 2010) and yellow fluorescence. Thus, fluorescence can be used to indicate extent of trans-splicing of the extein. Lastly, the genetically encoded Ca 2þ indicator GCaMP2 was assembled along with an mRFP. The red fluorescence can be used to help distinguish between motion-related fluorescence changes and Ca 2þ changes, a problem commonly found in intensity-based Ca 2þ imaging of transgenic organisms (Kerr et al., 2000; Suzuki et al., 2003; Clark et al., 2007) .
Materials and methods

Plasmid construct and subcloning
NpuDnaE N , NpuDnaE C and RhoA(DP) were cloned from Addgene plasmids 12172, 15335 and 12968, respectively. The first three amino acids of the native extein sequence of NpuDnaE C were included. N-and C-terminal portions of split Venus, mRFP, RhoA and GCaMP2 were obtained and amplified by standard polymerase chain reaction methods. N-terminal portions of Venus, RhoA or GCaMP2 (the host proteins) were directly fused to the amino terminus of NpuDnaE N . The C-terminal counterparts were fused to the carboxyl terminal of NpuDnaE C . For the fluorescent proteins (split Venus or mRFP), the N-terminal portions of Venus or mRFP were fused to the carboxyl end of NpuDnaE C while the C-terminal counterparts were fused to the amino end of NpuDnaE N . All subcloning procedures were performed using the cassette system as previously described (Truong et al., 2003; Wong and Truong, 2010) .
Cell culture and transfection
Cell lines (COS7, HeLa and HEK293) were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 25 mM D-glucose, 1 mM sodium pyruvate, 4 mM L-glutamine (Invitrogen Life Technologies, Carlsbad, CA, USA), 10% fetal bovine serum (FBS; Invitrogen) and 10 ml/l penicillin -streptomycin solution (Sigma-Aldrich, St Louis, MO, USA) in T5 flasks at 378C and 5% CO 2 . Cells grown to 95% confluency were passaged by first washing the cells with phosphate-buffered saline (PBS; Invitrogen) and incubating with 1 ml of 0.05% trypsin-EDTA (Sigma-Aldrich) at 378C for 3 -5 min. After re-suspension in DMEM þ FBS media, cells were seeded onto glass-bottom dishes (MatTek Corp.) at 1 : 10 dilution and grown overnight. Transfection was performed using Lipofectamine 2000 according to the manufacturer's protocols (Invitrogen). Co-transfected cells were identified by the restoration of Venus or mRFP fluorescence.
Fluorescent sodium dodecyl sulfate polyacrylamide gel electrophoresis gel preparations
All protein constructs were expressed in Escherichia coli DH5a (Invitrogen) and were extracted by sonication (Branson Sonifier 250). Extracted proteins were separated on NuPage Novex 4 -12% Bis-Tris Pre-cast gel with NuPage 1Â SDS-MOPS buffer according to the manufacturer's protocols (Invitrogen). Gels were then examined under 440/ 480 nm (excitation/emission) for cyan fluorescent protein (CFP) fluorescence, 488/525 nm for YFP fluorescence, and 540/580 nm for RFP fluorescence (Illumatool Lighting System, Light Tools Research, Encinitas, CA, USA). Photographs of the gels were taken using a Canon A350 digital camera.
Reagents used for cell culture imaging and illumination
All cell imaging were performed in DMEM media except for Ca 2þ -transient measurements. For Ca 2þ -ransient measurements, cell culture media were replaced with PBS supplemented with 5 mM CaCl 2 and 1 mM MgCl 2 (Invitrogen). Induced Ca 2þ transients in COS7 cells were stimulated with 10 mM ATP (Fermentas), while HeLa cells were stimulated with 50 mM UTP (Fermentas). To obtain maximum and minimum values of the biosensor, cells were stimulated with ionomycin (Sigma-Aldrich) followed by 2.5 mM EDTA (Sigma-Aldrich), respectively, after Ca 2þ transients were completed. Imaging was performed using an inverted IX81 microscope with Lambda DG4 xenon lamp source and QuantEM 512SC CCD camera with a Â60 oil immersion objective lens (Olympus). Excitation and emission filter specifications were as follows: CFP (Ex: 438/ 24 nm; Em: 482/32 nm); YFP (Ex: 500/24 nm, Em: 542/ 27 nm) and RFP (Ex: 580/20 nm, Em: 630/60 nm) (Semrock).
Dynamic range data analysis
GCaMP2 fluorescence intensity measurements were reported as F/F o , were F was the raw fluorescence intensity time series minus background fluorescence and F o was the mean fluorescence signal during the baseline period prior to Ca 2þ transient stimulations. Student's t-test was used to test for statistically significant differences between the two sets of unpaired (independent) data points. Student's t-test with unequal variances was used in the calculations and P values of less than 0.05 were considered statistically significant. All values shown were mean + standard deviation.
Results
General strategy for assembly of two target proteins using split intein
In our general strategy for reassembly of two target proteins, each NpuDnaE intein half was fused with a split extein half (i.e. Extein N and Extein C reform the first target protein) and the vacant terminal end of each intein was then fused with another split protein half (i.e. Endo N and Endo C reform the second target protein; Fig. 1A ). Upon co-expression of both constructs, the intein halves spontaneously reconstituted triggering protein trans-splicing that ligated the extein halves with a native peptide bond to reassemble the first target protein. At the same time, the high-affinity binding of the NpuDnaE halves brought the fragments of the second target protein into close proximity to allow protein reassembly. To facilitate the latter process, the non-splicing ends are fortunately in close proximity after the NpuDnaE halves are bound as revealed by the protein structure of NpuDnaE (Oeemig et al., 2009; Fig. 1B) .
NpuDnaE trans-splicing activity reformed two split fluorescent proteins
In mammalian cells (i.e. Hela and COS7 cells), NpuDnaE underwent trans-splicing activity to reassemble and restore fluorescence in two split fluorescent proteins. NpuDnaE trans-splicing activity was confirmed by distinct subcellular localization of fluorescent proteins (Supplementary Fig. S1 ). The C-terminal construct (i.e. NpuDnaE C -Venus) consisted of a tandem fusion of NpuDnaE C to Venus, while the N-terminal construct (i.e. Lyn-Cerulean-NpuDnaE N -mRFP), a tandem fusion of the plasma membrane (PM) localization peptide from Lyn kinase (Lyn; Violin et al., 2003) , the cyan fluorescent protein mutant Cerulean (Rizzo et al., 2004) , NpuDnaE N and mRFP. The co-expression of both constructs resulted in PM localization of Cerulean and Venus as well as cytoplasmic localization of mRFP as expected from protein trans-splicing (Supplementary Fig. S1 ). Similarly, Lyn-CeruleanNpuDnaE N and mRFP-NpuDnaE C -Venus underwent protein trans-splicing (Supplementary Fig. S1 ). Lastly, a fluorescent sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis revealed the formation of spliced products from its precursors ( Supplementary Fig. S2 ).
NpuDnaE reassembled split fluorescent proteins attached to either the trans-splicing end or the non-splicing end ( Supplementary Fig. S3 ). Here, a split Venus attached to the NpuDnaE splicing ends resulted in a reassembled Venus that restored fluorescence. In contrast, a split mRFP attached to the NpuDnaE non-splicing end similarly restored fluorescence but through NpuDnaE-mediated dimerization (n ¼ 3; see Supplementary Fig. S3 ). Both fluorescent proteins were split within the linker turns to minimize perturbation of the b-barrel structure. Expression of either construct halves alone did not produce any fluorescence. To allow simultaneous reassembly and restoration of both fluorescence proteins, the N-terminal construct, Venus N -NpuDnaE N -mRFP N consisted of the tandem fusion of Venus N (i.e. fragment containing residues from 1 to 144), NpuDnaE N and mRFP N (i.e. from 1 to 139), while the C-terminal construct mRFP CNpuDnaE C -Venus C , a tandem fusion of mRFP C (i.e. from 143 to 225), NpuDnaE C and Venus C (i.e. from 145 to 238; Fig. 2A ). Co-expression of the two constructs in HeLa cells restored both Venus and mRFP fluorescence (Fig. 2B and C) . As a control, expression of either the N-or C-terminal construct alone resulted in no fluorescence (n ¼ 3). Similar results were obtained in COS7 cells (Supplementary Fig. S4) .
In all cells co-expressing Venus N -NpuDnaE N -mRFP N and mRFP C -NpuDnaE C -Venus C , the ratio YFP/RFP average intensity remained consistent with a small variance as expected since the two split fluorescent proteins should theoretically be in equal stoichiometry. In mammalian cells co-expressing Venus N -NpuDnaE N -mRFP N and mRFP C -NpuDnaE C -Venus C , the restored Venus and mRFP fluorescence had an YFP/RFP intensity ratio of 1.25 + 0.13 (Fig. 2D) . In contrast, the co-expression of Venus and mRFP had an YFP/RFP intensity ratio of 17.89 + 15.48. The large variance of the ratios means a highly variable stoichiometry as expected from a transient transfection efficiency that differs between plasmids and cells (Fig. 2D) . Thus, a stronger observed fluorescence in the reformed fluorescent protein at the non-splicing end could potentially indicate an increased reassembly of another possible non-fluorescent protein at the splicing end.
NpuDnaE protein trans-splicing restored RhoA and Venus fluorescence
Mammalian cells expressing a split RhoA and Venus fused to its respective NpuDnaE intein halves, successfully underwent protein trans-splicing to restore RhoA function by protein splicing and Venus fluorescence by intein dimerization. RhoA is a member of the Rho GTPases family of molecular switches that cycle between the active and inactive GTP-and GDP-bound state respectively, to regulate the actin cytoskeleton (Jaffe and Hall, 2005; Pertz et al., 2006; Yeh et al., 2007) . Interestingly, the overexpression of the dominant positive (Q63L) mutant form of RhoA induces non- Simultaneous assembly of two target proteins using split inteins for live cell imaging apoptotic blebbing in epithelial-like cells (Fackler and Grosse, 2008; Tinevez et al., 2009; Mills et al., 2010) . RhoA was split within the small turn between amino acids Asp50 and Gly51 to minimize disturbance to the RhoA structure. The constructs RhoA N -NpuDnaE N -Venus N and Venus CNpuDnaE C -RhoA C were created, where RhoA N is the fragment from residues 1 to 50 and RhoA C from 51 to 193 (Fig. 3A) . The co-expression of the RhoA N -NpuDnaE NVenus N and Venus C -NpuDnaE C -RhoA C in HeLa cells resulted in dynamic blebbing of the cells and restoration of Venus fluorescence (Fig. 3B -G) . Cells expressing either construct alone had no visible blebbing or fluorescence. Cells expressing Venus did not undergo dynamic blebbing (Supplementary Fig. S5 ). Similar results were observed in HEK293 cells (Supplementary Fig. S6 ).
NpuDnaE protein trans-splicing restored the GCaMP2 Ca 2þ biosensor and mRFP fluorescence Mammalian cells expressing a split GCaMP2 Ca 2þ biosensor and mRFP fused to its respective intein halves successfully underwent protein trans-splicing to yield GCaMP2 by protein splicing and mRFP fluorescence by intein dimerization. GCaMP2 is an intensity-based Ca 2þ biosensor composed of a tandem fusion of a calmodulin-binding peptide from myosin light chain kinase, a circularly permutated green fluorescent protein and calmodulin (Tallini et al., 2006; Wang et al., 2008) . GCaMP2 was split at the junction of circular permutation (i.e. GCaMP2 N and GCaMP2 C ) and fused with NpuDnaE inteins to create the constructs GCaMP2 NNpuDnaE N -mRFP N and mRFP C -NpuDnaE C -GCaMP2 C (Fig. 4A) . Next, the two constructs were expressed in HeLa cells and UTP was used to induce Ca 2þ transients (Fig. 4B-D) . As a control, native GCaMP2 was used (Fig. 4E -G) . The reassembled GCaMP2 biosensor had similar Ca 2þ transient profiles ( Fig. 4D and G) and statistically indistinguishable dynamic range compared with the native GCaMP2 biosensor (2.56 + 0.60 and 2.54 + 0.16, respectively with f-test P ¼ 0.001, n ¼ 3; Fig. 4H ). Furthermore, the restored mRFP florescence provided an effective way of locating cells with the reassembled GCaMP2 biosensor, since GCaMP2 fluorescence is typically very low in the absence of Ca 2þ . Similar imaging results were obtained in COS7 cells ( Supplementary  Fig. S7 ). Moreover, cells expressing only GCaMP2 NNpuDnaE N -mRFP N or mRFP C -NpuDnaE C -GCaMP2 C did not exhibit any GCaMP2 activity or fluorescence. This is ideal for intensity-based Ca 2þ imaging as unpaired and unspliced construct halves do not contribute to background fluorescence.
Discussion
Inteins have primarily been used to reassemble a single target protein such as a fluorescent protein or to posttranslationally modify target proteins. However, we have shown here that there is a distinct possibility of forming another target protein via the high-affinity binding of the intein halves. We utilized the naturally occurring split DnaE intein from N.punctiforme to reassemble several different proteins-fluorescent proteins, RhoA GTPase and the GCaMP2 Ca 2þ biosensor-through protein splicing while simultaneously reassembling another fluorescent protein through intein dimerization. First, we showed that NpuDnaE can ligate in the correct orientation as evident by the reassembly and restoration of two fluorescent proteins split in different configurations. The two fluorescent proteins also This strategy was particularly useful when working with intensity-based Ca 2þ biosensors such as GCaMP2. The restored fluorescence from the split mRFP helped in locating cells with functional biosensors which are often dimly fluorescent in the absence of Ca 2þ . Furthermore, the reassembled GCaMP2 biosensor had similar induced Ca 2þ transient profiles and the dynamic range was statistically indistinguishable when compared with native GCaMP2 biosensor. Lastly, the split mRFP can potentially be useful in live animal model studies such as C.elegans, where a secondary fluorescence is needed to control for motion-related intensity changes. We envision that split GCaMP2 and mRFP could be precisely Simultaneous assembly of two target proteins using split inteins for live cell imaging targeted to specific tissues using this strategy. Typically, a single tissue-specific promoter is used but it suffers from background noise, lack of specificity, and false-positive identification (Nissim and Bar-Ziv, 2010) . The incorporation of two orthogonal tissue-specific promoters could improve cell targeting precision since only cells under the activation of both promoters will express the desired proteins. Since the two intein construct halves can be placed under the control of different promoters, it can be used in this manner to improve tissue-specific targeting. It should be noted that in theory, the addition of any domains could potentially affect the strength of association or speed of activity between the two intein halves due to the reduced accessibility of the intein domains. The extent of this effect will depend on the target proteins; however, in the cases presented here, the effect seemed limited as cells readily reformed the target proteins when co-expressed.
Conclusion
In this study, we have demonstrated the utility of split intein in simultaneously reassembling two target proteins-one through protein trans-splicing and the other through intein dimerization. We have applied this approach to reassemble three different split protein scenarios through protein transsplicing while exploiting the high-affinity binding of the intein halves to restore a split fluorescent protein. Although the expression of the two intein construct halves were driven under the same promoter, the two intein constructs can conveniently be redesigned to act under two orthogonal promoters to allow for greater tissue specificity. This can potentially have important applications in neural network studies through targeting genetically encoded Ca 2þ indicators to specific neurons.
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